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ASSOCIATION OF HOMOLOGOUS CHROMOSOMES IN 
TETRAPLOID CELLS OF DIPTERA. 


C. W. METZ, 


DEPARTMENT OF GENETICS, CARNEGIE INSTITUTION OF WASHINGTON. 


A characteristic feature of chromosome behavior in the Diptera 
is the paired association of homologous chromosomes! in the 
diploid cells, somatic as well as germinal. This association is par- 
ticularly striking in the early prophase of each cell generation, 
when the two homologous chromosomes are closely approxi- 
mated—so closely, indeed, as to resemble a single element in many 
cases.? Like the association that occurs during synapsis in the 
germ cells of most organisms, this is apparently the result of an 
attraction between similar or identical elements in the conjugating 
chromosomes. 

In considering the nature of the attractive force involved here, 
one of the first questions to arise is whether an equilibrium is 
established when two homologous chromosomes associate (anal- 
ogous to a magnetic attraction) or whether the attraction extends 
to an indefinite number of members, so long as they are homolo- 
gous. The observations on sporogenesis in certain triploid and 
tetraploid plants by El. and Em. Marchal (’11), Digby (’12), 
Osawa (’20), and Belling (’21) indicate that in the metaphase 
following synapsis homologous chromosomes are frequently 
grouped together, although not uniformly so. This indicates that 
there is, sometimes at least, an attraction between homologous 
chromosomes in numbers greater than two; but it tells little about 
the detailed nature of the association. 

The observations of Holt (’17), of Metz (’16), and of Bridges 
(’22) on multiple chromosome groups of somatic cells in certain 


1 First described by Stevens in 1907 and 1908. 
2 See Metz, ’16, for a detailed account. 
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flies' have shown that the chromosomes regularly lie in clusters 
during metaphase, and that each cluster consists of the three, four, 
or more homologous members.? In prophase (Holt, ’17; Metz, 
’16, Figs. 109, 110) the association of homologues is closer than 
in metaphase. Here again, however, there is some doubt about 
the exact nature of the association. Holt’s observations on Culex 
seem to lead to two different views on this question, without indi- 
cating which is correct. According to one view sister chromo- 
somes associate more closely than homologues that are not sisters. 
Evidence cited on p. 612, for instance, “. . . suggests that a 
parasynaptic union of sister chromosomes takes place in the telo- 
phase... .” This is supported also by her Figs. 13, 14, and 15, 
in which each original pair of chromosomes seems to be repre- 
sented by two associated bodies, each of which is presumably made 
up of four or more sister chromosomes. If this is the case, the 
association between sister elements is closer than that between 
homologous, non-sister elements. But the statement is also made 
(p. 613) that “it is believed” that in multiple complexes the 


‘ 


chromosomes conjugate “in three groups of homologous individ- 
uals” (three being the haploid number in Culex). The latter 
statement implies that there is no distinction between homologous 


and sister chromosomes. 


In the observations of the writer (l.c.) on Fucellia no attempt 


was made to analyze the details of the prophase association or to 
discriminate between sister and non-sister homologues. 

The present paper is concerned with additional evidence on this 
point. The data are taken from some exceptionally clear prophase 
figures obtained in tetraploid ovarian cells of Sarcophaga. 

The normal chromosome group of Sarcophaga consists of five 
pairs of long chromosomes and one pair of short (sex) chromo- 
somes. These are represented in Fig. 1, taken from a spermato- 


gonium. In the early prophase, when the association of homo- 


1 Holt’s observations were on Culex ; those of Metz were on Sarcophaga and 
Fucellia; those of Bridges were on Drosophila. 

2 That the associating chromosomes are homologous cannot be doubted in 
the light of present cytological and genetical knowledge. 

3 The species has not been identified in this case, but all of my Sarcophaga 
material, including several identified species, shows essentially the same 
(normal) chromosome group throughout. 
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logues is intimate, the six pairs resemble six single chromosomes, 
as shown in Fig. 2 (ovarian cell). The conditions found 

tetraploid cells are represented in Figs. 3 to 6. These cells were 
found scattered about in the somatic tissue of the same ovary from 
which Fig. 2 is taken. The tetraploid cells are so large that the 
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EXPLANATION OF FIGURES.* 
*I am indebted to Miss Ruth Lincks for making the drawings for the 
figures. 


All figures were drawn to the same scale, with the aid of a camera lucida. 
Numbers 1 and 2 are from diploid cells; numbers 3 to 6 are from tetraploid 
cells; numbers 2 to 6 are from the same ovary, 

Fic. 1. Typical metaphase (from a spermatogonium) showing the chromo- 
somes loosely associated in pairs. The smallest pair is the sex chromosome 
pair (XY). 

Fic. 2. Typical prophase (ovarian cell) showing the close association of 
homologous chromosomes. 


Fic. 3. Tetraploid chromosome group in metaphase showing loose associa- 


tion in fours instead of twos. The four smallest elements are the sex chromo- 
somes (XXXX). 


Fic. 4. Late prophase of a tetraploid nucleus showing close association in 
fours. 


Fics. 5 AND 6. Early prophases of tetraploid cells showing intimate associa- 
tion of homologous chromosomes. 


nucleus and some of the chromosomes are usually cut in sectioning ; 
but a few nuclei have been found entire, or nearly so. One of 
these, a metaphase, is represented in Fig. 3. This figure brings 
out the loose association of chromosomes, characteristic of the 
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metaphase. Fig. 4 shows the closer association of late prophase. 
The intimate association of the early prophase is represented in 
Figs. 5 and 6. In the former each of the long bodies (numbered 
I, 2, 3, 4, 5) is composed of four thread-like chromosomes, closely 
approximated side by side. This nucleus is almost entire, but the 
body numbered 2 appears to be cut at the point where the number 
is placed. Number 6 is presumably the set of small sex chromo- 
somes. Fig. 6 represents a slightly earlier prophase in which the 
threads are somewhat more attenuated. The nucleus here is cut 
and lies in two sections, so that only three or four of the long, 
tetravalent bodies are complete. These show the same intimate 
association of homologous threads, however, as do the similar ones 
in Fig. 5. In both of these figures and in other prophases of a 
corresponding stage the association of homologues is so close that 
the individual threads can only be distinguished here and there. 

As the figures indicate, the four threads of each body in the 
early prophase appear to be associated in equal degree. I can find 
no indication of a closer association of sister elements than of non- 
sister elements within the tetrad. 

It appears, then, that in these cases the force which brings 
homologous chromosomes together is exerted equally between the 
respective members when four are present.1 This agrees with the 
observations of Holt on Culex if we accept the latter of the two 
views suggested above—that the chromosomes conjugate in three 
groups of homologous individuals, without any distinction between 
sister and non-sister homologues. 

Possibly this equivalence of association applies only to the gross 
relationships and does not represent the actual interrelations be- 
yond the limits of visibility. That is a question, however, which 


can hardly be answered by a study of somatic cells. In the case 


of synapsis in the germ cells it may be possible to answer it by 


1 The question might be raised here as to whether these chromosomes 
actually come together, or whether they owe their association to successive 
divisions of the orginal prophase chromosomes in situ. The latter view 
involves the assumption that such cells do not multiply, and that each case 
represents an independent origin from a diploid cell. The evidence is against 
such an assumption, for all stages of division (prophase, metaphase, anaphase, 
etc.) may be found in these cells, and in some pieces of tissue nearly all of 
the cells are of the same multiple chromosome type (e.g., in Fucellia). 
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means of genetical studies on “crossing over” in tetraploid or 


other multiple chromosome races. 
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THE GEOTROPISM OF THE SEA-URCHIN 
CENTRECHINUS. 
G. H. PARKER, 


Zo6LocicaL LaporaTtory, Harvarp UNIVERSITY. 


The long-spined sea-urchin, Centrechinus antillarum (Phil.), is 
abundant on the flats near the Miami Aquarium in Biscayne Bay, 
Florida. It is a common object of interest in the aquarium tanks, 
where it is found climbing up the stone-covered walls or perched 
on the top of the submerged rock-work. When transferred to a 
large glass jar filled with quiet or running sea water, it immediately 
starts to climb up the sides of the vessel, and each time it is 
loosened and dropped to the bottom it renews this activity. This 
response occurs in the dark as well as in the light, and in vessels 
the water of which is cut off from the air by a glass plate as well 
as in those whose contents are exposed to the air. In other words, 
Centrechinus climbs upward, not because of light or of access to 
oxygen, but in response to gravity. It is a strongly geonegative 
animal. 

Centrechinus belongs to the group of regular sea-urchins, but, 
like most representatives of this group, its radial symmetry is 
disturbed by the single madreporite which occupies the aboral end 
of one of its five interradial zones. Thus a structural axis of 
orientation is established. As Centrechinus is remarkably active 
in its geotropic responses, it is a favorable form with which to test 
orientation in locomotion. Does it move as bilateral animals al- 
most always do, with one end of a definite axis constantly for- 


ward, as, for instance, the one marked by the madreporite, or may 


any of its numerous axes serve as a line of progression? This 
general question has already excited the attention of a number of 
students of the echinoderms. 

Jennings (1907, p. 155) states that the California starfish, 
Asterias forreri, “may move with any one of its rays in the lead, 
or with any interradius in advance, or indeed in any intermediate 
direction, so that its possibilities as to variations of direction of 


374 
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locomotion are really unlimited.” Cole (1913) in his study of the 
New England starfish, Asterias forbesi, demonstrated in this spe- 
cies the same unlimited possibility of direction of locomotion that 
Jennings had done for A. forreri, but Cole further showed by 
means of statistical methods that A. forbesi moved more fre- 


quently with that part forward which was in close proximity to 


the madreporite than with any other part. He, therefore, estab- 
lished what has been called a physiological anterior for this species, 
an anterior that corresponds almost exactly with that assumed on 
different grounds by Lovén for echinoderms in general. Cole’s 
observations form, as a matter of fact, a rather remarkable con- 
firmation of Lovén’s deductions. 

Agersborg (1918, p. 233) in his study of the habits of the 
twenty-rayed starfish of the Pacific coast, Pycnopodia helian- 
thoides, calls attention to its bilateral tendencies and states that it 
does not readily move backward or sidewise, but uses the side 
established as fore end always as anterior end. He, however, 
nowhere makes really clear how its physiological bilaterality is 
related to its structural bilaterality. If they agree, as his: account 
seems to imply, then the physiological anterior of Pycnopodia must 
be different from that of Asterias, judging from the account of 
the structure of Pycnopodia given by Ritter and Crocker (1900). 
In Asterias, according to Cole, the physiological anterior centers 
on the arm to the left of the madreporite as viewed aborally (III. 
in Lovén’s system). In Pycnopodia it appears to center on the 
second arm to the right from the madreporite as viewed aborally. 
Thus the axis of locomotion in Asterias is two fifths of a circum- 
ference from that in Pycnopodia. But this conclusion is based on 
statements of structure from Ritter and Crocker and of habits from 
Agersborg, both of which may be open to fundamental revision. 
So far as Pycnopodia is concerned, the one thing that in reality 
seems certain is that it has a physiological anterior, but how this 
is related to its structure remains to be ascertained.’ 

The Bermudian starfish, Coscinasterias tenuispina, has been 
studied in its methods of reproduction and of locomotion by 
Crozier (1920a). This species propagates by division and conse- 


1 This subject is not greatly clarified in a second paper recently published 
by Agersborg (Brot. BuLt., vol. 42, p. 202). 
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quently a given individual may have more than one madreporite 
as a preparatory step to division and may have arms of different 
length as the result of regeneration after division. Crozier studied 
the locomotion of Coscinasterias in relation to the length of the 
arms and the position of the madreporites and found that both 
factors had an influence in determining the axis of motion. Al- 
though the animal could move in any direction, there was an 
obvious tendency to move more generally in the direction of the 
long arms and on the axis determined by the position of the madre- 
porite, and of these two factors the position of the madreporite on 
the whole predominated. Thus in all the starfishes that have been 
investigated in this respect a physiological anterior has been dis- 
covered, and this anterior seems to find a structural indication in 
the position of the madreporite whereby an arm next this organ 
commonly becomes a director. 

Among the crinoids Clark (1915) has shown that Comatula 
purpurea moves with its long arms anterior, but whether the axis 
thus established agrees with that in the starfishes can not be ascer- 
tained because of the absence of the madreporite from crinoids. 


Comatula must, however, be admitted to possess a physiological 
anterior. 


Few observations have been made on the direction of locomotion 
in the sea-urchins. Holmes (1912), in his study of the photo- 
tropism of Arbacta, describes the locomotion of this sea-urchin as 
though it were free to move in any direction, yet he makes no 
specific statement on this point. Crozier (1920b), who studied 
the bionomics of the sand-dollar, Mellita, found that this animal 
had a very definite axis of locomotion which corresponded with its 
structural axis of bilaterality. In Mellita, as in other sand-dollars, 
the mouth is at the center of the underside of the disc, but the 
anus is on the edge of the disc in an interradial position. A line 
drawn through the anus and the center of the disc in Mellita marks 
the axis of locomotion and the forward end of this axis in creeping 
and in digging is the end farthest from the anus. The madreporite 
in the sand-dollar is central in position and hence can not be used 
in homologizing rays as in other sea-urchins, but by comparing the 
conditions in Mellita with those in the spatangoids, in which the 
symmetry is also bilateral but the madreporite is excentric, it can 





THE GEOTROPISM OF THE SEA-URCHIN CENTRECHINUS. 377 


be shown that the ray in the sand-dollar that is opposite the anus 
is the homologue of the ray in Asterias that is to the left of the 
madreporite and that serves as the director in locomotion. Hence 
the axis of symmetry and direction of locomotion in Mellita, as 
determined by Crozier, are in agreement with the conditions in 
Asterias as determined by Cole. This is a rather striking corre- 
spondence in both anatomical and physiological details. 

Although the radial symmetry of the echinoderms expresses 
itself in the ability of these animals to move in any direction in 
the horizontal plane, yet in the few instances studied there seems 
to be also a marked tendency toward a physiological anterior which 
takes its origin from the position of the madreporite and is in 
agreement with the structural bilaterality of the spatangoids and 
the clypeastroids. 

To test these relations in the regular sea-urchin Centrechinus a 
bit of white thread was tied to a spine on the ray to the left of the 
madreporite (III. in the Lovén system) and, with this ray thus 
identified, the sea-urchin was allowed to climb the sides of a glass 
jar ten times and the position of the axis of locomotion in relation 
to the given ray was recorded for each ascent. Tests of this kind 
were made on four animals. These animals, after an ascent had 
begun, showed little of the circling movement observed by Crozier 
(19206) in Mellita, but maintained a fairly constant relation be- 
tween the axis of locomotion and their structural axis over a verti- 
cal course of some 40 centimeters. It was not always easy to 
observe the exact relation of the structural axis of the animal, as 
indicated by the marked spine, to the direction of locomotion, but 
this relation is accurately enough indicated in terms of rays, though 
the animals may have crept at times more nearly interradially than 
radially. Records were kept by noting which ray was nearest the 
physiological anterior during the test. The results are shown in 
Table I. 

Two conclusions may be drawn from Table I. First, there is 
nothing about the records in this table that suggests that Cen- 
trechinus has a physiological anterior. The ray III., that might 
be suspected in this respect, is in no sense a director, in fact it is 
rather the reverse. It is, however, perhaps open to doubt whether 
there is a sufficient number of observations in the table to warrant 
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any sound conclusion whatever on the question of a physiological 
anterior. But so far as these records go, there seems to be no 
suggestion of this state in Centrechinus. 


TABLE I. 


NuMBER OF TIMES IN TEN TRIALS ON Eacu oF Four SEA-uRCHINS (Centrechi- 
mus) THAT A GiveEN Ray was ForEMosT In GEONEGATIVE LocoMOTION. 


The rays are numbered according to the Lovén system, the ray opposite 
the madreporite being V, the one to the right of this ray being I, and the 
others following in sequence around to V. 


No. of Ray (Lovén’s System). 
No. of Animal. 








Totals. . 


The second conclusion to be drawn from Table I. is abundantly 
supported by the observations. This conclusion is to the effect 
that Centrechinus is able to carry out geonegative responses on any 
axis in its body. This conclusion is unquestionable and shows that 
the geotropism of Centrechinus, unlike that of a bilateral animal, 


is performed without initial orientation and, as a type of sea-urchin 


locomotion, it is not necessarily associated with any particular ray. 
In this respect the geotropism of Centrechinus is much more like 
that of a plant than like that of most animals in which the axis of 


the animal is first moved so that the creature heads either toward 
the center of the earth or away from it, after which locomotion in 
the appropriate direction takes place. In Centrechinus, as already 
intimated, no initial orientation occurs, but the sea-urchin with any 
axis forward creeps upward. This condition emphasizes what 
Loeb long ago pointed out, the essential similarity between the 
tropisms of plants and of animals. 

When an attempt is made to analyze the geonegative responses 
of Centrechinus, it is found to be no simple problem. These re- 
sponses involve stereotropism as well as geotropism and the latter 
in its more generalized type such as occurs in plants. If a Cen- 
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trechinus is dropped so as to rest with its side or its aboral face 
on the horizontal floor of an aquarium, an activity of spines and 
ambulacral feet ensues which eventually rights the animal in that 
its oral side is brought next the aquarium floor. Not till righting 
has been accomplished does locomotion in the proper sense begin. 
I never have seen a Centrechinus progress on its back or its side, 
but only with its oral surface next the substrate. It has often 
been assumed that in echinoderms the righting reaction is a re- 
sponse to gravity, but this is doubtful, in Centrechinus at least, 
as the following experiment shows. If a strong thread is tied 
round the equator of a Centrechinus and the animal is suspended 
in an aquarium so that its side touches the vertical glass wall, the 
spines and feet will begin the same kind of movements that they 
did when the animal rested on its side at the bottom, and in a short 
time the sea-urchin will have its oral surface applied to the vertical 
face of the aquarium as it formerly did to the floor. Since in this 
test the axis of the sea-urchin is at right angles to the direction of 
gravity instead of being parallel to it as in the ordinary righting 
reaction, it is clear that righting is not a response to gravity, but 
to a solid surface against which the creature comes always to 
apply its oral side. Righting in Centrechinus, therefore, though 
apparently geotropic, is in reality not so, but stereotropic. On 
this point my results confirm those of Moore (1910), who has 
described a similar condition in the starfish. In discussing the 
geotropism of Centrechinus, therefore, the righting movements are 
not to be considered, for they belong to a different category of 
reactions; they are reactions to solid surfaces. In this respect 
Centrechinus agrees with Planaria, whose righting reactions are 
apparently also stereotropic (Pearl, 1902), though this worm like- 
wise shows true geotropism (Olmsted, 1917). 

After a Centrechinus has obtained a footing on a vertical sur- 
face, it does not wander indiscriminately over this surface, but it 
travels up the surface against gravity. It is this reaction that is 
indicative of true geotropism and that still requires to be consid- 
ered. 


Two general theories have been advanced to show how geotropic 
responses are accomplished : the so-called mechanical theory appar- 
ently first proposed by Aderhold (1888) and advocated by Ver- 
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worn (1889) and the statocyst theory put forth by Lyon (1905) 
and espoused by a number of later workers, Kanda (1914) and 
others. According to the mechanical theory the weight of the 
body of the responding organism is so disposed in relation to the 
locomotor apparatus that the creature is kept mechanically headed 
either toward the center of the earth or away from it. In this 
way the action of gravity on the body as a whole determines the 
direction of locomotion. In such cases the organism would main- 
tain the same orientation dead or alive. Few, if any, instances of 
this kind have ever been found, and though it must be admitted 
that every organism is always under the direct influence of gravity 
and varies in weight in different parts of its body, practically none 
have been found that exhibit conditions favorable to this view. 
Centrechinus with its symmetrical distribution of parts gives no 
suggestion of a preponderance of weight on one side or the other, 
and the fact that it may assume a new axis with almost every 
ascent on the aquarium wall is a condition extremely difficult for 
the mechanical theory to meet. 

The statocyst theory assumes that within the body of the organ- 
ism there are movable masses of higher specific gravity than their 
fluid surroundings, and that these masses under the influence of 
gravity press upon one side or the other of their containing cham- 
bers in accordance with the position of the organism in relation to 
the center of the earth. To these pressures the organism then 
responds in an appropriate way. Organs acting in this fashion 
and known as statocysts with their contained statoliths occur com- 
monly among such animals as the worms, the mollusks, and the 
crustaceans. 

This theory is also believed to apply to the simpler animals and 
to the plants in that geotropism is excited in these organisms by 
the pressure exerted by small particles contained within the vacu- 
oles of their protoplasm. This view is supported by such observa- 
tions as those of Zollikofer (1918) on the seedlings of certain 
composite. When these seedlings are placed in the dark for three 
or four days, the starch grains in their hypocotyls disappear, and 
with the disappearance of the starch the geotropic reactions of the 
seedlings cease, though the seedlings seem not to have suffered 
from the treatment, for they are still phototropic. Apparently the 
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starch grains act as statoliths in the spaces in which they are 
lodged. In this way the small solid particles in the protoplasm of 
the simpler animals and plants are supposed to render these organ- 
isms geotropic. 

As a refinement and extension of this view, Small (1920) has 
suggested that under gravity the disperse phase in the protoplasm 
of geotropic organisms moves to one side of their bodies, a process 
analogous to creaming, and thereby brings about a change in elec- 
trical potential which results in geotropic movements. As an ob- 
jection to this view Blackman (1921) points out, among other 
things, that creaming is a slow process, and that geotropic response 
is often quick. Certainly in Centrechinus such a response can 
occur in less than a second, as can be shown by tilting into the 
vertical a horizontal plate of glass on which a sea-urchin is creep- 
ing. Hence creaming can scarcely explain the geotropism of the 
sea-urchin. 

How this is to be explained is not a simple matter, for Cen- 
trechinus, so far as is known, is entirely devoid of statocysts, and 
even assuming that it possessed them, the fact that it progresses 
upward with any axis forward is a difficult feature to explain. 
Nevertheless its body is provided with a number of parts whose 
action may make clear how its geotropism is accomplished. Such 
parts are the spines and the ambulacral feet. They are heavier 
than the sea water in which they are immersed and in consequence 
of their weight tend to hang down from their supports. This is 
especially true of the spines, which are heavily impregnated with 
lime and provided with ball-and-socket bases. In fact, these or- 
gans are beautifully arranged to respond to the pull of gravity and, 
assuming that their bases are provided with a nervous mechanism 
sufficiently differentiated for the purpose, they might perfectly well 
serve as organs for the initiation of the response to gravity. In 
that case the stimulus would be the deforming pressure exerted at 
the base of the spine by its movement under the pull of gravity. 
It is a deforming pressure of this kind that acts as a stimulus and 
not a general pressure such as fluids exert and as was believed to 
be effective in geotropism by Jensen (1893). A deforming pres- 
sure, if exerted locally at the base of the spine, might well excite 
in a differentiated system of basal receptors impulses to locomotion 
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that would result in an appropriate geotropism. Such a form of 
response is in essence that implied in the statocyst theory in which 
the stimulus must be a deforming, not a general, pressure. But 


whether in Centrechinus it is the spines or some other similarly 


constructed organ that initiates the geotropic response remains to 
be ascertained. 
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INITIATION OF DEVELOPMENT IN THE EGG OF 
ARBACIA. 


EFFECT OF HYPERTONIC SEA-WATER IN PRODUCING MEM- 
BRANE SEPARATION, CLEAVAGE, AND TOP-SWIMMING PLUTEI. 


E. E. JUST,! 


ROSENWALD FELLOW IN Brorocy, NaTIONAL REesEARcH CouNCIL. 


It is well known from Morgan’s work that unfertilized eggs of 
Arbacia may be induced to develop through exposure to hypertonic 
sea-water. Morgan, however, did not investigate the action of 
hypertonic sea-water on the unfertilized egg much beyond its effect 
in producing cleavage. Loeb extended these results of Morgan: 
he was able by the use of hypertonic sea-water to produce plutei 
from the unfertilized eggs of Arbacia. Two outstanding features 
of Loeb’s work strike the reader: first, he was not able with the 
use of hypertonic sea-water to call forth “membrane formation” ; 
nor was he able to obtain plutei of great viability, since these failed 
to swim at the surface as do plutei from normally fertilized eggs. 

With his now classic method of exposing urchins’ eggs to butyric 
acid in sea-water before or after exposure to hypertonic sea- 
water, Loeb was able to correct both these defects. On the basis 
of these findings Loeb founded his famous lysin theory of fertili- 
zation. He reasoned that butyric acid, as all hemolytic agents, 


‘ 


brings about a “superficial cytolysis” of the egg and thus the 
formation of the “fertilization membrane.” This “ superficial 
cytolysis,” however, tends to be lethal and hence the egg must have 
a corrective treatment to offset the initiation of death changes. 
The hypertonic sea-water acts as this corrective factor. Accord- 
ing to Loeb, it is of no moment whether he uses the corrective 
agent first and follows with the cytolytic agent or vice versa. In 


‘ 


other words, the “uncorrected” egg may be first corrected, then 


superficially cytolyzed; or the egg may be first superficially cyto- 


lyzed and saved from death by the corrective factor. In any 


event, it is clear not only from Loeb’s work, but that of others, 


1 Zoblogical Laboratory, Howard University. 
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that this double treatment of the eggs of sea-urchins produces top- 
swimming larve. 

Loeb’s work with agents of superficial cytolysis and the cor- 
rective factor led him to solve the fertilization problem in this 
wise: The sperm carries a lysin which initiates a superficial 
cytolysis of the egg; thus the first effect of the sperm is com- 
parable to the action of butyric acid. But the sperm, reasons 
Loeb, also carries a corrective factor which checks the action of 
the lysin that otherwise would kill the egg. This reasoning is 
aided by the fact that in many ova the internal changes of ferti- 
lization leading to cell division are preceded by demonstrable corti- 
cal changes. 

I have attempted to point out that this theory of Loeb fails to 
explain fertilization, and this for several reasons. Waiving not 


only the fact that Loeb has produced cell division and swimming 


plutei from uninseminated urchin eggs with the use of hypertonic 
sea-water before or after the treatment with butyric acid, whereas 
in the fertilization of these eggs the cortical changes always pre- 
cede the internal—cell division—phenomena, but waiving also the 
fact that hypertonic sea-water alone will give cleavage and plutei, 
we must discard the superficial cytolysis-corrective factor theory 
of fertilization for two reasons: First, this theory emphasizes too 
much purely hypothetical substances in the sperm for which we 
have not a single bit of evidence; and, secondly, it wholly ignores 
the fact that the egg is a highly irritable system, thus in no wise 
different from other living substance; that there are naturally 
parthenogenetic eggs would indicate this. Moreover, the high 
degree of susceptibility. to shaking of such eggs as those of 
Asterias, Amphitrite, Nereis, and the effect of sea-water in starting 
up maturation in eggs of Podarke, Chetopterus, etc., show how 
labile are some uninseminated marine ova. This work on the 
experimental production of cell division and larve is of importance 
in showing that ova are independent, activable systems; they are 
inherently irritable—not a difficult physiological conception. But 
as a means of elucidating the problem of fertilization, this work 
on “artificial parthenogenesis,” so called, has failed; it has actually 
obscured the fertilization problem. 
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For these two reasons, then, the superficial cytolysis-corrective 
factor theory of experimental parthenogenesis has no logical status 
as an explanation of fertilization. Fertilization can be explained 
only by observation and experiment on ova and sperm during 
fertilization. It can not be explained by mere analogy of the 
processes in experimental parthenogenesis. 

But the superficial cytolysis-corrective factor theory as an ex- 
planation of experimental parthenogenesis itself is open to grave 
suspicion. First, the corrective factor may operate alone and give 
results. In the second place, the corrective factor, says Loeb, 
may act first when, according to the theory, there is nothing to 
correct, and the cytolytic agent may follow presumably to vitiate 
the action of the corrective factor. Again, as I have previously 
pointed out, the theory is largely built on the assumption that the 
proper exposure to butyric acid for inducing membrane formation 
is cytolytic because an over-exposure is lethal. This does not fol- 
low. One might just as well argue that since stimulation of the 
cardiac components of the vagus causes cessation of the heart beat 
the normal function of these fibers is to kill the animal. 

Nevertheless some may hold, despite these criticisms, that the 
superficial cytolysis-corrective factor hypothesis is still a valid 
explanation of experimental parthenogenesis ; that while it is true 
that most marine ova need but a single agent to induce develop- 
ment, eggs of sea-urchins need two. If, now, we can show for 
the egg of Arbacia that a single agent acting alone can induce both 
membrane formation and cleavage, then again is the famous theory 
put to question. And if, more than this, we can show that this 
single agent is the corrective factor—anti-cytolytic, if you please— 
then the superficial cytolysis-corrective factor theory must be re- 
jected, for the egg of Arbacia at least, as an explanation not only 
of fertilization, but also of experimental parthenogenesis as well. 

The present communication aims to present data, accumulated 
during the season of 1921 at the Marine Biological Laboratory, 
Woods Hole, Mass., to show that hypertonic sea-water alone act- 
ing on the uninseminated eggs of Arbacia will give membranes, 


cleavage, and viable surface-swimming plutei scarcely to be distin- 


guished from those resulting from normally fertilized eggs. 
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3. 


If the uninseminated eggs of Arbacia be exposed to sea-water 
made hypertonic by the addition of NaCl or KCl in the propor- 
tions 50 parts sea-water plus 8 parts 2% M NaCl or KCl, on 
return to normal sea-water they are induced to cleave and develop 
plutei. The per cent. of eggs that develop depends upon the 
length of exposure which will vary somewhat with different lots 
of eggs. Too brief an exposure will call forth merely the monaster 
condition and few, if any, of the eggs cleave; too long an ex- 
posure will produce cytasters, the resulting cleavage being ab- 
normal. These eggs do not form membranes. 

If 15, 16, and 17 parts 2% M NaCl or KCI plus 85, 84, and 83 
parts sea-water, respectively, are employed, the results are similar 
to those obtained with the hypertonic sea-water mentioned above 
(in the proportion 8 parts 2% M NaCl or KCI plus 50 parts sea- 
water). With hypertonic sea-water made up with 20, 22, and 24 
parts 2% M NaCl or KCI plus 80, 78, and 76 parts sea-water, 
respectively, however, the results are quite different. In these and 
stronger hypertonic solutions of sea-water the eggs lift off mem- 
branes while in the solutions. The time from the instant that one 
treats eggs with a solution to that at which the eggs form mem- 
branes will vary with the strength of the solution. Thus in full 
strength 2% M NaCl or KCl eggs lift off membranes in 15 sec- 
onds. In the solution 24 parts 2% M NaCl or KCI plus 76 parts 
sea-water the eggs lift off membranes in five to ten minutes. 
Solutions between these two strengths call forth membranes at 
rates proportional to the degree of hypertonicity. The rate at 
which eggs lift membranes while in the solutions depends thus 
upon the strength of the solution. 

The solution 18 parts 2% M NaCl or KCI plus 82 parts sea- 
water gives about 3 per cent. membranes. It is thus the minimum 
concentration for the production of membranes. Hypertonic sea- 
water below this concentration does not yield membranes. 

On the whole, the optimum concentration is that which gives the 
highest per cent. of membranes and which likewise allows an 
exposure longer than that to produce membranes without any 
deleterious effect on the eggs as revealed by their subsequent fate 
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. 


on restoral to normal sea-water. Such an optimum lies around 
22 parts 2% M NaCl or KCI plus 78 parts sea-water. The solu- 
tions 20, 22, and 24 parts 2% M NaCl or KCl plus 8o, 78, and 76 
parts sea-water, respectively, were the ones used most extensively. 
In general, portions of eggs from one female were exposed to each 
of these concentrations to cover any variation of the eggs with 
respect to their response to treatment with hypertonic sea-water, 
since these concentrations are around the optimum. The follow- 
ing table summarizes results of a part of the forty experiments on 
this point. It is scarcely necessary to say that in all this work 
extreme precautions were taken against accidental insemination. 
In none of the experiments did the control, uninseminated eggs in 


sea-water, show a single membrane. 


TABLE 


Errect oF Hypertonic SEA-WATER ON EcGs OF ARBACIA AS SHOWN BY THE 
Per Cent. or Eocs THAT SEPARATE MEMBRANES WHILE IN THE HyPER- 


rONIC SEA-WATER, 


Date Per Cent. of 2} M NaCL! Per Cent. of Eggs 
of in Sea-water to which that Separate 
Experiment. Eggs Exposed. Membranes. 


June 26 14 
~ 16 

18 

20 

22 

24 
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18 
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.22 

24 

June 30. 20 
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+ 


12% M KCL gives closely similar results. 


This table shows, I think, that hypertonic sea-water alone will 
induce membrane separation. In the most successful experiments 
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every single mature egg showed a membrane. Since, moreover, 
experiments were made throughout the season, the results can not 
be interpreted as mere incidental findings based on insufficient data. 

These membranes induced by hypertonic sea-water separate 
more slowly than membranes lifted from the eggs following nor- 
mal insemination. These membranes are, nevertheless, as clear 
and as distinct and possess as wide a perivitelline space as normally 
fertilized eggs. In the hypertonic sea-water the egg shrinks, its 
periphery retaining a smooth contour. One gains the impression 
that the perivitelline space arises in part as the result of this 
shrinkage. That this is not wholly correct seems to be indicated 
by those eggs that undergo an equal amount of shrinkage without 
forming membranes. Moreover, on return to sea-water the egg, 
though it increases in size, does not obliterate the perivitelline 
space. 

If the intensity of the membrane separation process be too great, 
the membrane formed is eccentric; the perivitelline space is not of 
the same width in all zones of the egg. In such cases the egg, as 
seen in optical section, is flattened in that zone above which the 
membrane is at its greatest distance from the egg. On return of 
the egg to normal sea-water this eccentricity of the membrane 
persists. The cortex of that zone, in these cases, from which the 
membrane has separated least, is apt to be swollen. This seems 
to indicate that the reaction underlying membrane must be of a 
certain order to insure best results. 

The membrane does not always arise in the manner described. 
In some cases the egg presents a crenated surface beneath the 
membrane. This crenation may quickly disappear, leaving the egg 
cortex below the membrane perfectly smooth. If the crenation 
persist, on return to normal sea-water the perivitelline space is 
very narrow; indeed, it may be absent, in which case the membrane 
is closely stuck to the swollen cortex. 


Finally, in some cases the membrane may be extremely thin, 
though otherwise the egg and perivitelline space are about as found 
in the normally fertilized egg. 


These observations on the effect of hypertonic sea-water in 
bringing about membrane separation, fortunately, do not stand 
alone. I find that Loeb almost twenty years ago made a similar 
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observation on the egg of Strongylocentrotus. Using concentrated 
solutions (2% and 1% m NaCl and 2% n and 2 m cane sugar), 
Loeb found that the unfertilized eggs of S. purpuratus form mem- 
branes in the same way as in fertilization. The details of his 
description differ very little from those I have given above for 
the egg of Arbacia. 

Moore, working with Arbacia, was able by the use of hypertonic 
sea-water alone (16 c.c. 2% M NaCl plus 50 c.c. sea-water) to 


‘ 


obtain “quite a considerable number of membranes.” According 
to Moore, however, these membranes are not like the fertilization 
membranes produced in normal fertilization. 

In those lots of eggs that show a high per cent. of immature 
eggs, some mature eggs may fail to show membrane separation in 
any concentration of hypertonic sea-water. Stale eggs often fail 
to respond to hypertonic solution with membrane separation. 
Blood inhibits membrane separation and enhances the cortical 


changes that give the thick swollen cortex. Eggs that fail to form 


membranes in the hypertonic sea-water are invariably from lots 


that yield a low per cent. of membranes following normal insemi- 
nation. _We may consider these points in detail. 

On June 29, July 8, July 18, for example, uninseminated eggs 
were mixed with blood. In each experiment the eggs were divided 
into three lots—A, B, and C. A was untreated (control), B in- 
seminated, and C exposed to hypertonic sea-water. Not a single 
egg in any of the lots B formed membranes. The lots (C) treated 
with hypertonic sea-water (20, 22, and 24 parts 2% M NaCl plus 
80, 78, and 76 parts sea-water, respectively) gave a low per cent. 
of very poor membranes; instead, in the majority the egg cortex 
became badly swollen. Nothing was more clearly brought out in 
the work than this sharp inhibition by blood both in fertilization 
and in experimental parthenogenesis. 

Several experiments, for example, those of August 1, 2, and 3, 
were made on washed eggs. These established that eggs lose 
their capacity for artificial activation more quickly than their 
capacity for fertilization. In one case eggs washed but four times 
in an hour were highly fertilizable, as shown by the presence of 
g6 per cent. membranes and subsequent normal development. 


1 Pfliiger’s Archiv, ’04, 103. 
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Uninseminated eggs from this same lot exposed to hypertonic sea- 
water gave only 17 per cent. membranes. Eggs a day old that 
have been repeatedly washed never gave membranes with hyper- 
tonic sea-water, though they were capable of responding to in- 
semination with complete membrane separation. 

Immature eggs give no response to treatment with hypertonic 
sea-water, as experiments early in June revealed. 

The best criterion, we may conclude, for the capacity of the eggs 
to respond to treatment with hypertonic sea-water is their response 
to insemination. Eggs from the same lots as those which, when 
inseminated, rapidly lift off fine membranes everywhere equidis- 
tant from the eggs with wide perivitelline spaces are the best for 
hypertonic sea-water treatment. Eggs in the presence of blood, 
stale eggs, and immature eggs, lift few or no fertilization mem- 
branes. Such eggs yield poor or no results with hypertonic sea- 
water. 


I pass now to the consideration of the type of cleavage and 


plutei resulting from Arbacia eggs exposed to hypertonic sea- 
water (20, 22, and 24 parts 2% M NaCl or KCI plus 80, 78, and 
76 parts sea-water, respectively, and sea-water of greater hyper- 
tonicity). And I may say at the outset that the quality and per 
cent. of membranes separated in hypertonic sea-water are indices 
of cleavage and the production of plutei. The production of 
cleavage and of surface-swimming plutei are of the best quality 
and most numerous from those lots of eggs with best membranes, 
provided, always, that the exposure is optimum. Data on this 
point are summarized in Table II. 


TABLE IT. 


Per Cent, OF CLEAVAGE AND OF PLUTEI FROM Ecos oF ARBACIA FoLLOWING 
Exposure To Hypertonic SEA-WATER IN WHICH 
THE Eccs SEPARATE MEMBRANES, 


Per Cent. of Mem- Per Cent. of Per Cent. of 
Date of Experiment. branes Formed in | Cleavage in Eggs Top Swimming 
the Hypertonic on Return to Plutei 
Sea-water. Sea-water. (Estimated). 





96 93 85 
34 37 25 
41 | 32 25 
88 79 70 
92 89 85 
84 77 65 

7 Oo 
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The experiments here cited, a fraction of the total, show that 
the best cleavage and plutei, both as to quality and per cent., are 
invariably found in those eggs that produce the best membranes. 
At times the results are perfectly wonderful. Thus on August 9 
eggs exposed the day before to KCl hypertonic sea-water gave 
gastrule (and later plutei) that were scarcely to be distinguished 
from those arising from normally fertilized eggs. The seven 
dishes were simply alive with surface-swimming forms. These 
eggs had lifted off very fine membranes. On the other hand, on 
August 6 the eggs treated with KCl hypertonic sea-water lifted off 
very poor membranes. They produced inferior cleavages and 
larve. The cleavage and larve resulting from exposure to sea- 
water of such concentration that membrane separation does not 
take place in no wise compare to those from eggs in which mem- 
brane separation takes place in hypertonic sea-water. 

In my experience insemination of eggs on return to normal sea- 
water following an exposure to hypertonic sea-water that calls 
forth membrane separation is not possible. If the cortical reac- 
tion is complete and full membranes separate, insemination does 
not increase the per cent. of cleavage and of plutei. In eggs 
induced to form membranes by hypertonic sea-water the cortical 
reaction is therefore complete and irreversible. 

The results here reported are in every way equal to those ob- 
tained with the butyric acid-hypertonic sea-water method. In- 
deed, in my experience the results with the use of the strong 
hypertonic solutions have proved superior to the butyric acid- 
hypertonic sea-water method. And certainly the use of hypertonic 


sea-water alone is far more simple. With butyric acid one must 


get just the right exposure for membrane separation. In any lot 
of eggs, a mixed population, all eggs do not have precisely the 


Ss” 


same optimum point of exposure to butyric acid for perfect mem- 
branes. Moreover, even with the very highest per cent. of mem- 
branes following butyric-acid treatment, the worker must ‘again at 
intervals give the eggs exposure to hypertonic sea-water of various 
lengths. Three optima must the worker, therefore, obtain for best 
results : optimum exposure to butyric acid, optimum length of time 
in sea-water following butyric-acid treatment before exposure to 
hypertonic sea-water, and optimum exposure to hypertonic sea- 
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water. With the hypertonic solutions used in the experiments 
here presented, the case is quite otherwise: one simply notes the 
time in hypertonic sea-water to membrane separation and allows 
roughly twice this length of time before removal to normal sea- 
water. 

But the main point in these experiments, it seems to me, is not 
the inferiority or the superiority of this method of a single ex- 
posure to hypertonic to the butyric acid-hypertonic sea-water 
method. If the experiments here reported simply revealed that 
the single hypertonic sea-water treatment only calls forth mem- 
brane lifting, they would be, it seems to me, worthy of report. 
And for this reason: If hypertonic sea-water be capable of induc- 
ing membrane separation, then we must discard the superficial 
cytolysis-corrective factor hypothesis for experimental partheno- 
genesis, as we have already discarded this hypothesis as explaining 
fertilization. I propose, therefore, to discuss these results, since 
they involve to a far-reaching degree current conceptions of the 
mechanism of experimental parthenogenesis. 


Il. 


The evidence submitted above shows (1) that sea-water, if made 
sufficiently hypertonic, is alone capable of inducing membrane 
separation in the eggs of Arbacia; (2) that such eggs give good 
cleavage and practically normal gastrulz and plutei; and (3) that 
the highest per cent. and normality of cleavage and of plutei result 


when the membrane separation most closely simulates the separa- 


tion of the vitelline membrane as a cortical response to insemina- 
tion. If this be true, several important considerations follow with 
regard to the nature of the processes underlying membrane separa- 
tion and to the interpretation of these processes in the physiology 
of the developing egg cell. These considerations follow: 

1. In the first place, membrane separation certainly can not be 
due to any mere surface tension change. According to Traube,? 
substances are effective in calling forth membrane separation the 
more they lower surface tension. From this it follows that hypo- 
tonic sea-water should be capable of inducing membrane separa- 


1“ Ueber Parthenogenese,” J. Traube, Biochem. Zeitschr., Bd. 16, 1909, 
pages 182-186. Cf. also, McClendon, Am. Jour. Phys., 10, 27, 240. 
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tion. This is true, as Schiicking found. Toluene, etc., should 
likewise be effective, and they are (cf. Herbst). But surely one 
could scarcely insist upon this same explanation for the effect of 
the hypertonic sea-water employed in the experiments here re- 
ported. 

Moreover, in the eggs both of Arbacia and of Echinarachnius 
any competent observer can see that membrane separation follow- 
ing insemination is no mere surface tension effect, but an active 
progressive dissolution of cortical material. In the egg of Echina- 
rachnius one can actually observe the cortex going into solution; 
in the egg of Arbacia pigment escapes at this time. If, therefore, 
we experiment with agents that induce membrane separation, in 
order to solve the problem of the cortical changes in normal fer- 
tilization; despite the fact that such agents do lower the surface 
tension of the sea-water, we are not justified in the light of the 
observed phenomena in normal fertilization to postulate any theory 
at variance with these observed phenomena. Such postulates must 
cease to have any scientific value. 

To be sure, it may well be that the membranes induced by these 
agents are not at all comparable to those induced by sperm. Nor, 
indeed, does it follow that membranes induced by hypertonic sea- 
water are like those induced by sperm. The main point, however, 
is something more than this. Hypertonic sea-water, which cer- 
tainly is not of lower surface tension than normal sea-water, does 
call forth membranes while the eggs are in the solution. If we 
must adhere to the surface tension hypothesis, then we must con- 
clude that the effect of hypertonic sea-water is an exception—as is 
the effect of the sperm in calling forth membrane separation by a 
cortical breakdown which follows in a wave beginning at the 
entrance point of the sperm. ; 

2. Again, the experiments here reported are at variance with 
the notion that the separation of the membrane is due to a super- 
ficial cytolysis. 

As I understand it, the term cytolysis connotes a cellular dis- 
integration. One certainly can not use the term in its strict 
etymological sense particularly since that misnomer “ superficial 
cytolysis” has now become widely current. Unfortunately many 


zoologists use the terms cytolysis and plasmolysis interchangeably. 
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If we define cytolysis as a breaking up of the cell within the mem- 
brane or actual liberation of the cell contents, we may define 
plasmolysis as a shrinkage of the cell contents. Now, certainly 
hypertonic sea-water as employed in these experiments never 
caused any liberation of the cell contents. We can not, therefore, 
regard the action of hypertonic sea-water as cytolytic. 

There is another way of reaching a conclusion in this matter. 
Prolonged exposure to butyric acid in sea-water will cause the 
uninseminated egg of Arbacia on return to normal sea-water to 
form a fine gelatinous film instead of a membrane. Such eggs, 
as Loeb noted, soon cytolyze. We may accept this specific in- 
stance as a definition. Now, such eggs go to pieces by droplet 
formation; thus they disintegrate. Or, if eggs with membranes 
induced by exposure to butyric acid are allowed to lie in normal 
sea-water, they eventually disintegrate by the formation of globules 
in the cortex. The disintegration eventually involves the whole 
egg. 

In hypotonic sea-water both Arbacia and Echinarachnius eggs 


take up water, lose pigment, and assume a granular appearance. 
The contents then slowly disappear as if washed away. Rarely 
do the contents of the eggs burst through the membrane before 
total disintegration. 


Now, the effect of hypertonic sea-water on these eggs is unlike 
that of butyric acid or hypotonic sea-water. Rather the effect of 
hypertonic sea-water is plasmolytic. In it the egg shrinks, be- 
comes darker. On return to normal sea-water such an egg, if it 
fail to develop, remains intact for hours. 

Unless, therefore, we change the meaning of the term cytolysis, 
the hypertonic sea-water employed in these experiments is not 
cytolytic. Instead of disintegrating, the eggs on return to normal 
sea-water cleave, gastrulate, and reach the pluteus stage. 

3. If we admit that hypertonic sea-water does not call forth 
membranes by superficial cytolysis, then we must conclude that 
the hypothesis of a superficial cytolysis as part of the mechanism 
of experimental parthenogenesis is as unnecessary for a theory of 
experimental parthenogenesis as it is superficial and inadequate for 
a theory of fertilization. This must follow for several reasons. 

First, we well know from older work that hypertonic sea-water 
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alone is sufficient for the production of plutei. So-called agents 
of superficial cytolysis do, of course, improve results, but are not 
absolutely essential. Moreover, for many eggs hypertonic sea- 
water alone will initiate development; the majority of ova that 
respond at all to agents that initiate development need but a single 
agent. The egg of Arbacia is no exception. It is entirely unnec- 
essary to use an agent of superficial cytolysis as either a primary 
or secondary factor for the production of a high per cent. of plutei 
of great degree of normality. 

Secondly, according to Loeb, the agent of superficial cytolysis 
may be used either before or after the hypertonic sea-water. If 
butyric acid is as effective after hypertonic sea-water treatment as 
before, on what logical grounds can we speak of hypertonic sea- 
water as a corrective factor for the superficial cytolysis yet to 
take place? 

Finally, the hypothesis of a superficial cytolysis as part of the 
theory of experimental parthenogenesis is untenable because it 
assigns a role to hypertonic sea-water which is the opposite of that 
of any agent of superficial cytolysis. Since, as shown above, the 
hypertonic sea-water alone, if of sufficient strength, does just what 
the butyric acid will do—call forth membranes—the case falls. 
In order to save the theory, it would be necessary to assume that 
the hypertonic sea-water of the strength used by the writer to 
induce membranes has two effects.’ First, it acts as butyric acid 
by superficially cytolyzing the egg; and, second, it acts as a cor- 
rective factor to correct its first effect. This interpretation in turn 
entails assumptions which together make it worthy of no serious 
consideration. 

If, for example, we insist that the first effect of hypertonic sea- 
water is cytolytic, then we must change the connotation of the 
word cytolysis. Further, the hypertonic sea-water employed by 


the writer brings about membrane separation while the eggs are 


in the solution. This fact, now, entails an interesting assumption : 
since following butyric-acid treatment as employed by Loeb the 
egg of Arbacia cytolyzes on return to sea-water, therefore indi- 

1 Loeb does make just this assumption. I must confess, though, that I 


fail to follow his reasoning. See Loeb (“ Artificial Parthenogenesis and 
Fertilization,’ The University of Chicago Press, 1913, page 159.) 
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cating that the butyric acid renders the egg more susceptible to 
sea-water cytolysis (that is, the acid acts as a catalyst to the ordi- 
nary cytolytic action of sea-water on the uninseminated egg), the 
hypertonic sea-water of the concentrations used by the writer pos- 
sesses three distinct actions: (1) It prepares the egg for cytolysis 
as does butyric acid; (2) it cytolyzes as does the normal sea-water 
following butyric-acid treatment ; and (3) it corrects this cytolysis 
as does the hypertonic sea-water as used by Loeb. Of course, this 
may well be. It does:seem, however, a rather cumbersome sug- 
gestion. 

It would thus appear that the hypertonic sea-water being alone 
sufficient, butyric acid is not necessary. Since, moreover, as I 
have elsewhere pointed out (Just, ’20), there are cogent reasons 
for the position that butyric acid does not cause membrane separa- 
tion through a superficial cytolysis, the superficial cytolysis-cor- 
rective factor hypothesis becomes untenable. Rather it is far more 
simple to explain the action of butyric acid and of the hypertonic 
sea-water as used by Loeb as additive: together they accomplish 
what the hypertonic sea-water alone in my experiments accom- 
plishes. The butyric acid-hypertonic sea-water method, beautiful 
though it is and technically brilliant, confuses the picture because 
of the superficial cytolysis-corrective factor theory to which it 
gave rise. 

In any field the pioneer work is usually qualitative. The work 
is none the less important therefor. And yet one can not but feel 
that it is a pity that Loeb did not make exact observations with 
various concentrations of salt—particularly so since the method 
involved is such a simple quantitative one. 

If, now, we reject the superficial cytolysis-corrective factor hy- 
pothesis as an explanation of experimental parthenogenesis, what 
explanation do we offer? While it seems to me, in the present 
state of our knowledge of this subject, far more profitable to 
collect data than to theorize, it is nevertheless true that the data 
presented above permit at least a provisional hypothesis. Cer- 
tainly, we may draw conclusions from the work if these be con- 
sistent with the data. 

To begin with, it is difficult to conceive of the initiation of 
development being fundamentally different for different ova. The 
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differences encountered are doubtless merely incidental. Any ex- 
planation of experimental parthenogenesis ought, therefore, be 
congruous—it ought to be applicable to all eggs capable of experi- 
mental initiation of development. 

But there are serious difficulties in the way of reducing all work 
on experimental parthenogenesis to a common basis. Leaving out 
work which is manifestly erroneous, we still have a large body of 
data purporting to deal with “ artificial” parthenogenesis which as 
a matter of fact merely details results in producing membranes, 
or some slight cortical change, in initiating maturation, etc. In 
much of this work indubitable death changes are mistaken for 
cleavage. And we are told that all these are important for science. 
And even where experimental parthenogenesis is specifically de- 
fined as the production of cell division many substances are named 
as agents of experimental parthenogenesis, whereas such agents if 
allowed to act but an extremely short time either call forth mem- 
brane separation merely and initiate coagulative death changes. 
Such results have far less significance for the problem of experi- 
mental parthenogenesis than death stiffening for the theory of 
muscle contraction. We are thus forced to discard much of this 
work also. 

On the other hand, it would be unscientific to reach conclusions 
for all ova from the results obtained on one. Fortunately, how- 
ever, we possess many investigations in the field of experimental 
parthenogenesis of undoubted value. Such, for example, is the 
work of R. S. Lillie on the egg of Asterias, of Miss Allyn’s on 
the egg of Chetopterus, in addition, of course, to Loeb’s work. 
Now, in all this work the only common factor is the use of a 
single agent, heat, butyric acid, or hypertonic sea-water. If we 
add the eggs of Nereis and of the frog to those just mentioned, 
we have, with respect to the stage in maturation at which fertiliza- 
tion takes place or experimental parthenogenesis is possible, all 
types of eggs represented. It may be generally true, therefore, 
wherever experimental parthenogenesis is possible, that a single 
agent suffices. 

In both fertilization and experimental parthenogenesis one fun- 
damental reaction takes place, namely, the cortical reaction. This 
is no mere arbitrary assumption. Eggs pass through a period of 
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fertilizability. This period is likewise the optimum for experi- 
mental parthenogenesis. In some cases this fertilizability we 
know is due to the presence in or at the cortex of a substance, 
fertilizin. Complete fertilization-reaction depends upon the com- 
bination of fertilizin and sperm. The cortical explosions leading 
to membrane separation are the sign and sequela of this complete 
fertilization-reaction. There is evidence that in experimental 
parthenogenesis also the same phenomena obtain (Lillie, 14, ’20*, 
20°; Moore, ’16, ’17; Just, ’15, ’19*, ’19°). 

Now, in fertilization the primary object is the incorporation of 
the sperm nucleus to the end that chromosomes of each parent are 
alike present in the ensuing division. This object is attained by 
the reaction between sperm and fertilizin by which the sperm head 
is made to swell and to form an aster out of aster-forming sub- 
stance present in the egg. The sperm thus carries the aster to 
the egg nucleus and cell division ensues. 

There is evidence that indicates that the aster-forming substance 
and fertilizin are not identical, though they may be spatially re- 
lated. The work of Delage, Wilson Yatsu, and R. S. Lillie shows 
that in the eggs studied the capacity for merogeny, fertilization, 
and experimental parthenogenesis depends upon the presence in 
the cytoplasm of material from the germinal vesicle. We might 
interpret this to mean that the fertilizability depends upon the 
presence of fertilizin alone, and that fertilizin and the aster- 
forming substance are identical. But on this basis how shall we 
account for fertilization in Nereis and Platynereis? In these ezgs 
the fertilization-reaction takes place while the egg is in the germi- 
nal vesicle stage. At this stage fertilizin is already at the cortex. 
The sperm aster, on the other hand, never forms until the sperm 
is in the endoplasm into which germinal vesicle sap has diffused. 
The sperm aster arises similarly in the eggs of Chetopterus and 
of Allolobophora. Where, as in the eggs of Arbacia and of 


Echimarachnius, the fertilization-reaction normally takes place in 
the mature egg, the germinal vesicle material by diffusion has 
previously reached the ectoplasm; the sperm aster forms, there- 
fore, shortly after the sperm passes the cortex. 

In experimental parthenogenesis as in fertilization cell division 
depends upon the localization of aster-forming substance around 
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the egg nucleus. Optimum localization is enhanced by complete 


cortical reaction and by exposure to the agent beyond that suffi- 
cient for cortical change. (See R. S. Lillie, effect of butyric acid 
or heat on starfish eggs; Miss Allyn, effect of heat on Chetop- 
terus eggs; hypertonic sea-water on urchin eggs as in this paper.) 

Instead of the superficial cytolysis-corrective factor theory of 
experimental parthenogenesis I suggest that the activating agent 
binds fertilizin, thus leading to complete cortical change. This 
complete cortical change makes it possible that the additional 
action of the agent brings about an optimum concentration of 
aster-forming substance around the egg nucleus. The nucleus 
swells, a bipolar spindle forms, and development begins. 
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INITIATION OF DEVELOPMENT IN THE EGG OF 
ARBACIA. 


II. FERTILIZATION OF Eccs IN VARIOUS STAGES OF ARTIFICIALLY 
INDUCED MITrTosIs. 


E. E. JUST,1 


ROSENWALD FEeLLtow 1n Brotocy, NationaL ResearcH Councit. 


A few summers ago the writer made certain experiments with 
various agents that caused the breakdown of the intact nucleus of 
the mature uninseminated eggs of Arbacia and of Echinarachnius 
with consequent liberation of the chromosomes in the cytoplasm. 
During the season of 1921 at the Marine Biological Laboratory, 
Woods Hole, Mass., opportunity presented itself to repeat some 
of these experiments as part of a detailed study of the effects of 
sea-water in varying degrees of hypertonicity on the uninseminated 
Arbacia egg. The present paper deals with the results obtained 
with one concentration only: sea-water made hypertonic by the 
addition of NaCl or KCl (in the proportion of 8 parts 21%4 M salt 
to 50 parts sea-water). This report aims to set forth (1) that 
exposure to this hypertonic sea-water gives cleavage and a small 
per cent. of plutei, and (2) that eggs following treatment with this 
hypertonic sea-water on return to normal sea-water are capable of 
fertilization during any stage of the first cleavage mitosis except 
the telophase. It is this second finding which would seem to make 
this report of some interest: it suggests another method of attack- 
ing the problem of fertilization in the egg of Arbacia. 


I. 


The initiation of cell division in the egg of Arbacia by means 
of hypertonic sea-water is too well known to merit more than the 
briefest description. The pioneer work on this subject is, of 
course, that of Morgan; it was Loeb, however, who first produced 
larve with this method. Wilson has given an excellent account 
of the cytology of the egg of Toxopneustes induced to develop by 


1 Zodlogical Laboratory, Howard University. 
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hypertonic sea-water. The present study has nothing to add to 
these and other accounts of experimental parthenogenesis in 
echinid ova. 

3riefly, I found that among a given lot of eggs in normal sea- 
water following exposure to hypertonic sea-water some would 
divide and form plutei that failed to swim at the surface, and that 
among those eggs that did not show cleavage were some that 
appeared unaffected by the exposure, while others formed monas- 
ters. Prolonged exposure was found to induce numerous cytas- 
ters. The egg nucleus, so far as I could determine, undergoes no 
increase in size while the eggs are in the hypertonic sea-water. I 
was likewise able to confirm Moore’s finding, namely, that these 
eggs in sea-water after exposure to hypertonic sea-water give off 


fertilizin. These eggs never form membranes, as is well known. 


Il. 


Moore has shown in an important contribution to the analysis 
of fertilization that the eggs of Arbacia inseminated immediately 
on return to sea-water after exposure to hypertonic sea-water (in 
the proportion of 8 parts 2% M NaCl to 50 parts sea-water) 
develop for the most part in greater numbers than similarly ex- 


posed eggs without insemination. These inseminated eggs pro- 


oc 
g 
duce membranes comparable to those found on normally fertilized 


eggs. Cytological study revealed that sperm penetrate these eggs 
treated with hypertonic sea-water, but play no active role. 

For the most part my findings agree with those of Moore. 
Since, however, the object of my study was somewhat different 
from his, my methods differed. This difference in method may 
well account for those of my results that are at variance with his. 

In his experiments Moore gave the eggs graded treatment with 
hypertonic sea-water and inseminated them #mmediately on return 
to sea-water. In my experiments, since the primary object was to 
learn the fertilization capacity of the egg of Arbacia whose nucleus, 
having broken down, was thus in one or another stage of mitosis, 
[ inseminated the eggs at intervals following their return to normal 
sea-water. It may be that the egg should lie for a time in normal 
sea-water, subsequent to exposure to hypertonic sea-water, before 


insemination in order to regain its equilibrium with the normal 
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medium. If this be true, it would perhaps account for the fact 
that I obtained much higher percentages of cleavage and of plutei 
from my inseminations than Moore from his. 

Moore, as mentioned above, found scant evidence in his cyto- 
logical study of any pronounced activity of the sperm. However, 
I am sure that in my material the sperm is quite active; it may 
form an aster, swell, and form chromosomes. (Cf. Herbst’s 
studies. ) 

The method employed in these experiments is simple. Eggs 
from one Arbacia are collected as free from coelomic fluid as pos- 
sible, washed, allowed to settle, and exposed to hypertonic sea- 
water (in the proportion of 8 parts 2% M NaCl or KCI to 50 
parts sea-water). After varying lengths of time eggs are re- 
moved to normal sea-water. When they have reached the desired 
stage—monaster, metaphase, etc.—a portion is lightly inseminated 
with fresh, clean sperm suspension. The development of the in- 
seminated eggs is compared with that of the uninseminated—per 
cent. of membranes, cleavage, and swimming larve. The follow- 


ing table presents the essential results of some of these experi- 


TABLE I. 


COMPARISON OF THE EFrFrEect oF Exposinc Eacs or Arbacia To Hypertonic 
SEA-WATER (IN THE PRopoRTION OF 8 Parts 2% M NaCr* To 50 
Parts SEA-WATER) ALONE WITH THAT OF INSEMINATING Eccs 
IN Wuicu Nucitear CHances Have BEEN INDUCED BY 
Hypertonic SEA-WATER. 


T Time | 
ime in Min- | 
in Min- Effect of Expos- — Effect of In- 
utes of _ Ure to Hyper- | after semination as 
No. of | Expos- tonic Sea-water) Rxnos- Revealed by 
Experi- ure to (28 Revealed by ure to Nuclear State of Eggs when |_ Per Cent. of 
ment. | Hyper-| Per Cent. of Hyper- Inseminated. Cleavage and of 
tonic |Cleavage and of} ‘tonic |Top Swimming 
Sea- Larve. Sea- | Larve. 
water. water 
when 
Cleav- | Lar- In- 
age. ve. semi- 


Swollen nucleus; 
spindle. 
Swollen nucleus; monaster. 
30 Monaster; spindle. 
81 47 65 | Spindle; monaster. 
60 14 80 | Spindles; many cytasters. 
54 38 50 | Metaphase; cytasters. 
105 8 105 | Anaphase; telophase. 


* KCl gives similar results. 
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ments. It should be pointed out that the hypertonic sea-water 
used in these experiments never gave membranes. Insemination 
in normal sea-water of eggs that have had treatment with hyper- 
tonic sea-water may give 100 per cent. membranes. 

We thus see that the egg of Arbacia that has such treatment 
with hypertonic sea-water that mitosis starts up is capable of 
responding to insemination during any phase of mitosis except the 
terminal. So far as I have been able to determine, insemination 
resulting in sperm penetration and perfect membrane separation is 
as easy to obtain in the anaphase as in the normal resting stage. 
The plutei from these eggs are as viable as normal plutei. 

With the onset of the cortical changes preceding first cleavage, 
these eggs fail to respond to insemination. So far I have not 
studied the effect of inseminating these eggs after first cleavage. 
According to Loeb, however, the blastomeres of the egg of the 
California sea-urchin induced to cleave through exposure to hyper- 
tonic sea-water separate membranes on insemination. Moore, on 
the other hand, was unable to obtain membranes after inseminating 
isolated blastomeres of Arbacia eggs induced to cleave by exposure 
to hypertonic sea-water. 

I have in my work encountered eggs that simulate first cleavage ; 
in such eggs one of the “ pseudo-blastomeres” on insemination 
will form a membrane, cleave, and swim. The other member of 
the pair never shows any trace of development. Such eggs seem- 
ingly composed of two blastomeres may be easily produced in 
large numbers. 

If eggs that have had an exposure to hypertonic sea-water be 
shaken gently or squirted through a pipette into normal sea-water, 
they appear as eggs in the two-cell stage. These pseudo-blasto- 
meres may be equal in size or of all degrees of inequality in size. 


Such eggs on insemination form membranes around one com- 


ponent only, regardless of its size. Thus one may get a large or 


small cleaving egg within a membrane and subsequently a swim- 
ming form, attached to an inert mass of cytoplasm without the 
vestige of membrane. The explanation of this condition is simple. 

The hypertonic sea-water so alters the cortex of the egg that it 
breaks when the egg is shaken and allows an outflow of endoplasm. 
It is this endoplasm free of cortical material that fails to respond 
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to insemination. The egg nucleus may be located in either of the 
“pseudo-blastomeres ”; or, as is frequently the case, it may be 
seen lying in the constriction between the “ pseudo-blastomeres.” 

An interesting figure found in sectioned material deserves pass- 
ing notice. In this case the spindle is in late anaphase; one pole 


with a chromosome group is in the larger of the “ pseudo-blasto- 
meres,” which doubtless formed a membrane, since all the eggs in 
this lot had membranes, and the other pole with a group of chromo- 
somes is in a minute protuberance that could easily pass as a polar 
body. A spermatozoén was found in the cortex at the pole oppo- 
site the “polar body.” This picture may be worthy of more:than 
passing comment. 

Observations on various ova (Myzostoma, Chetopterus, Den- 
talium, Amphioxus, Clepsine, etc.) show that the ectoplasmic layer 
is absent at the outer end of the maturation spindle. Moreover, 
Chambers by microdissection has shown that the region over the 
outer end of the maturation spindle in the egg of Cerebratulus is 
very fluid. If we assume an absence of cortex in this region (or 
perhaps physical or chemical difference), polar-body formation 


would be comparable to this extrusion of endoplasm through the 
cortex that I have mentioned above. 


Observations likewise show that in various ova (those of Ciona, 
Cynthia, Chetopterus, Nematodes, etc.) the cortex as well as the 
endoplasm flows toward the vegetative pole. In Chetopterus, for 
example, the ectoplasmic waves are clearly visible in the living 
egg. It is not wholly impossible, therefore, that the definitive loca- 
tion of the maturation spindle at the animal pole is owing as much 
to the energy of these downward movements as to the movement 
of the spindle itself. It is as if the egg substance flows away 
from the animal pole, leaving the spindle behind. On this assump- 
tion the size of the polar body would thus depend upon the size of 
the more fluid ectoplasmic defect at the animal pole, the energy of 
the downward movement of the ectoplasm, or both. Conklin’s 
production of large polar bodies in the egg of Crepidula through 
centrifuging might be cited as evidence that an unusual bulk of 
material may be thrust out of the egg as a polar body. 

Usually polar bodies do not fertilize. In ova in which matura- 
tion normally takes place before fertilization this failure to fer- 
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tilize may be due to absence of fertilizin. If normally fertilization 
occurs during first maturation, the failure of polar bodies to fer- 
tilize may be due to the fixation of fertilizin; polar bodies are thus 
sterile as are all parts of the egg. If it prove that polar bodies 
lack cortex and are really endoplasmic, this would be suggestive 
as to the location of fertilizin in such ova, as, for example, As- 
terias, in which fertilization may take place at various stages of 
maturation. 


IIT. 


The experiments above noted show that eggs of Arbacia in- 
duced through treatment with hypertonic sea-water to initiate 
mitosis after return to sea-water are capable of giving a response 
to insemination similar to that in normal fertilization. This gives 
rise to several considerations. We may discuss these in turn. 

1. In the first place, the stage in mitosis through which an egg 
is passing at the time of insemination is of no consequence for 
complete cortical response. Eggs in any stage of mitosis (except 
the telophase) respond completely to insemination whether or not 
the spermatozoa entering such eggs take part in the ensuing divi- 
sions. This would indicate that physical or chemical changes set 
up in the cytoplasm during mitosis constitute no bar to fertilization. 
In this respect changes set up by the first cleavage mitosis do not 
differ from those in the maturation mitoses in those eggs that 
normally take in sperm before complete maturation. Thus 
changes in permeability, rate of oxidation—themselves held as 
“causes” of fertilization—do not interfere with the cortical re- 
action to sperm. 

If we define fertilization, in terms of this cortical phenomenon, 
as an instantaneous reaction between some ovogenous substance 
and the spermatozoon at the time of insemination, the experiments 
here reported are again suggestive. Of course, the reader may not 
accept this definition of fertilization ; indeed, it may turn out to be 
wholly fallacious. Let us, however, for the sake of argument, 
assume that the definition is correct; that the primary aim in the 


fertilization process is the incorporation of the sperm head as part 


of the zygote nucleus, thus insuring equivalence of maternal and 
paternal chromatin in heredity; and that the reaction at the egg 
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cortex between fertilizin and sperm guarantees this incorporation. 
Cell division is thus the end result of fertilization. On this 
hypothesis, then, the experiments here reported suggest a mode of 
attacking the fertilization-reaction apart from cell: division. 

In the third place, our results suggest the possibility of testing 
the validity of various theories of fertilization: for example, the 
oxidation (Loeb), the permeability (R. S. Lillie, McClendon, 
Gray), and the viscosity (Fischer and Ostwald, Heilbrunn) theo- 
ries. If, after treating Arbacia eggs with hypertonic sea-water of 
the strength used in the experiments cited above, we were to find 
no increase in permeability or oxidation, for example, but on in- 
seminating these eggs were to find pronounced increase, the case 
for such increase as the “cause” of fertilization would demand a 
hearing. But hypertonic sea-water alone of the strength used in 
our experiments increases the rate of oxidation and permeability. 
Moreover, this being true, even if there were an additional increase 
in the rate of oxidation (or permeability) following the insemina- 
tion of these eggs previously exposed to hypertonic sea-water, and 
if this increase plus that due to hypertonic sea-water alone were 
equal to the increase of an equal number of eggs from the same 
female following normal insemination, we could not hold the oxi- 
dation (or permeability) theory as proved. For the fact still re- 


mains that oxidation (or permeability) increase is not inseparably 
bound up with the fertilization-reaction. 


The case is similar with the viscosity theory of fertilization. 
Mrs. Andrews long ago showed by means of subjecting eggs to 
pressure that a rhythm of viscosity changes accompanies the cleav- 
age process. It may also well be that following the liquefaction 
of the cortex, as in the egg of Echinarachnius, the ectoplasm gels. 
Also, Lillie finds that in unfertilized eggs of Chetopterus in the 
mesophase of first maturation, though stratification of the endo- 
plasm readily results from centrifuging, the ectoplasmic layer re- 
mains unaffected. That fluid substance diffuses from nucleus into 
cytoplasm is of course well known. This has been shown especi- 
ally for the egg in the germinal vesicle stage. Says F. R. Lillie 
on this point: “ During this period of diffusion of the fluid sub- 
stance of the germinal vesicle and the ensuing polarization of the 
ectoplasm and endoplasm, the protoplasm as a whole possesses a 
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much higher degree of fluidity than before” (Lillie, ‘06, page 
176). “ The strongest evidence for greater fluidity at this time is 
found in the fact that the ectoplasmic spherules are much more 
numerous and smaller than they were previously or than they are 
subsequently. Evidently there is a reversible process of coagula- 
tion concerned, the spherules breaking down into smaller particles 
as the fluidity increases and setting or coagulating again by a 
process of fusion.” 

“Tf eggs are allowed to stand eight to fifteen minutes in sea- 
water after being taken from the female so that in some the 
germinal vesicle is intact and in others broken down, the latter 
always show stratification more or less pronounced after centri- 
fuging and the former never show it. . . . It would seem that the 
endoplasm has become less viscid as a result of the diffusion of 
substance from the germinal vesicle so as to permit of a closer 
aggregation of the yellow granules.” 

Let us, however, waiving this demonstration of a difference in 
the physical make-up of the cortex and endoplasm of the unferti- 
lized Chetopterus egg, as well as Chambers’s observation that the 
gelation succeeding insemination is localized in the region of the 
sperm aster, assume that in the Arbacia egg a gelation follows the 
liquefaction of the cortex. But the viscosity theory of fertiliza- 
tion is not thus made more tenable. 

According to the viscosity theory (Heilbrunn), initiation of de- 
velopment by artificial agents or by sperm involves coagulation of 
the eggs; the mitotic spindle probably: arises as a direct result of 
this coagulative change. But in the experiments cited above in 
this paper eggs that have first cleavage spindles (cf. many eggs 
normally fertilized during maturation phases) respond to insemi- 
nation. Such eggs will develop without the cortical changes that 
in normal eggs follow insemination. We should, however, point 
out that, according to Heilbrunn, hypertonic sea-water coagulates 
the egg.’ It may thus be argued that those eggs with spindles are 
only incompletely activated if they give cortical response to insemi- 
nation. The truth, though, is quite otherwise. The cortical 

1 All that Heilbrunn shows is that the eggs are more viscous while in hyper- 


tonic solutions. We are told nothing of their history after return to normal 
sea-water. 
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changes induced by sperm are not merely quantitatively but quali- 
tatively different from those induced by hypertonic sea-water ; the 
cortex is liquified following insemination with resulting membrane 
separation, but it is thickened by hypertonic sea-water. If any- 
thing were wanting to substantiate the view here presented, Heil- 
brunn’s own findings would do so: many diverse agents besides 
hypertonic sea-water produce coagulation in the egg. That Heil- 
brunn does not show that all of these so-called agents of artificial 
parthenogenesis do actually produce cell division—and this accord- 
ing to his own definition of artificial parthenogenesis they should 
do—alone is fatal for the whole theory. In addition, it is not 
beyond the realm of possibility that many of these agents (distilled 
water acting upward to four minutes, toluene acting for five min- 
utes, saponin acting for five minutes, etc.) simply induce death 
changes—of no significance whatsoever for the problem of fertili- 
zation. 

There remains the fertilizin theory (Lillie, ’14). Here we find 
no difficulty. Eggs of Arbacia following exposure to hypertonic 
sea-water possess fertilizin despite mitotic changes. Such eggs on 
insemination, as we should expect, give complete cortical reaction. 
Without insemination such eggs develop. Fertilizin fertilizes the 
sperm so that it may by reacting with aster-forming substance of 
the egg start up division in which the egg nucleus takes part. But 
eggs that are already induced to develop by hypertonic sea-water 
do so through localization of aster-forming substance around their 
nuclei. Sperm entering such eggs may still react with fertilizin, 
thereby setting free cortical changes leading to membrane sep- 


aration. 
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I, 


During May, 1921, Arbacia examined at Woods Hole, Mass., 
were found to be immature. Thus, on May 15, bits of the gonads 
examined under the microscope contained only immature eggs 
devoid of color. The testes showed no mature sperm. Toward 
the end of May a few females were found in which the eggs were 
undergoing maturation. Early in June (June 1 to 8) the eggs 
gave very low per cent. fertilization. From this time on eggs 
exuded through the genital pores steadily increased in fertiliza- 
bility. Eggs taken from the ovaries, on the other hand, were 
largely immature; their fertilization per cent. was lower than that 
of eggs that exuded from the genital pores when the animals were 
carefully cut around the peristome. Toward the end of July the 
high fertilization capacity of the shed eggs (i.¢., eggs that exuded 
from the genital pores when the animals were carefully cut around 
the peristome) fell off. From July 20 to the end of the season 
the fertilization capacity of shed eggs from a given female was 
found to be markedly inferior to eggs taken from the same female 
by cutting up the ovaries in sea-water. There was thus found 
during the first part of the season in the case of shed eggs a rise 
in fertilizability followed by a fall. Parallel with this fall was 
found a rise in fertilizability of eggs from the ovaries which dur- 
ing June were largely immature. It was thus found that eggs of 
Arbacia of high fertilization capacity may be obtained at Woods 
Hole throughout the season provided shed eggs are used during 
the early part and eggs from the ovaries during the later part of 

1 Zodlogical Laboratory, Howard University. 
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the season. Evidence for these statements is included in this 
paper. 

In what follows it will be convenient to consider first those 
experiments made on shed eggs during the first period of the 
summer, and second those experiments made on both shed and 
“ovary” eggs during the second part of the summer. 


II. 


A word concerning the method used in the experiments here 
reported may not be amiss. Eggs used were from freshly pro- 
cured animals whenever these were to be had. In one case ani- 
mals were collected from the spiles of the dock opposite the labo- 
ratory and used immediately after. Results on eggs from animals 
kept in the laboratory in a few instances for several days, how- 
ever, showed that such eggs may be as good as those from freshly 
dredged animals. Each animal was thoroughly cleansed for a 
minute or two under running tap water. The hands and fore- 
arms of the worker were kept under a stream of tap water for 
about one minute. After the washing under running tap water 
the urchin was shaken dry and put under a jet of sea-water, then 
shaken dry again. The animal was thereupon placed in a dry 
Syracuse watch glass, aboral side down, and its peristome carefully 
cut with clean, sharp-pointed scissors with very slender blades. 
Care was exercised to avoid puncturing the gonads. Frequently 
mere puncture of the peristome was made. As soon as eggs or 
sperm came through the genital pores as a result of the stimulus 
of the incision the animal was removed to another dish. Controls 
of uninseminated eggs were always run and not once was develop- 
ment of an egg discovered. The case may be quite otherwise, 
however, if the animals are not thoroughly washed in tap water. 
Among eggs from such unwashed females one may find not only 
eggs with membranes, but cleavage stages and blastulz. This is 
particularly true of animals kept in the tanks where spawning may 
take place. In such cases eggs caught among the female’s spines 
are fertilized where they remain until the swimming stage. 

The blood used in this work was procured in the following 
manner: The peristome was carefully cut away and the lantern 
gently removed. The animal was then inverted over a clean Syra- 
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cuse watch glass and drained of fluid, removed to another watch 
glass, and allowed to shed. The blood from each animal was used 
separately or that from several animals united. After clotting, the 
serum was decanted and set aside until needed. Sea-water in 
which blood clots were cut up after filtering was used in one ex- 
periment. It seemed no different in its action from the serum. 


A. 


We may begin with the experiments which indicate that during 
the early part of the season Arbacia eggs that exude through the 
genital pores are of high fertilization capacity. Blood added to 
these eggs before insemination cuts down the per cent. of fer- 
tilization. 

THE EXPERIMENTS. 


(a) July 14, 4:00 P.M. 1 drop of shed eggs from one female 
in 10 c.c. of sea-water allowed to settle. Water changed three 
times. Eggs inseminated—Lot A. 

2 drops of shed eggs from same female in 5 c.c. of sea-water 
plus 5 c.c. of blood. Allowed to settle. 1 drop of these eggs 
removed to 10 c.c. of sea-water—Lot B—and inseminated. Re- 


mainder of the same eggs inseminated—Lot C. 





7:00 P.M. These eggs give cleavage as follows: 


Lot. A. B. Cc, 


Per cent. of cleavage......... 98 2 


This experiment is typical of a group of experiments made dur- 
ing the month of June and the first three weeks of July. I always 
found some inhibitor present in the blood of females, though the 
amount might vary to a considerable degree. Thus in some cases, 
particularly in the early experiments, a great deal of blood from 
several animals had to be used to inhibit fertilization. These 
experiments, without a single exception, reveal a high capacity for 
fertilization on the part of shed eggs. 

(b) July 46, 8:00 P.M. 4 drops of shed eggs from each of 
three females (4, B, and C) distributed as follows: 

At, Bi, C1: 1 drop of shed eggs inseminated in 250. c.c. of 
sea-water. 
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A2, B2, C2: 1 drop of shed eggs plus 2 drops of blood insemi- 
nated in sea-water. 


A3, B3, C3: 1 drop of shed eggs plus 4 drops of blood insemi- 


g 
nated in sea-water. 

A4, B4, C4: 1 drop of shed eggs plus 8 drops of blood insemi- 
nated in sea-water. 

10:00 P.M. A1, B1, C1 show 96, 98, and 93 per cent. fertiliza- 
tion, respectively. No development in other dishes. 

July 17, 10:30 A.M. Nos. A2, B2, and C2 show about .o1 
per cent. development. No development in the others. 

Nos. A2 to C4, inclusive, washed and set aside. 3:00 P.M. 
No cleavage. Samples from each of these inseminated. 3:10 
P.M. Good membranes in most eggs of Nos. A2 to C3, inclusive. 
Nos. 44 to C4 only about 40 per cent. membranes each. 

3:45 P.M. First cleavage in all eggs that have membranes. 

7:30 P.M. Other samples from the eggs A2 to C4, inclusive, 
which were washed this morning inseminated. 

g:00 P.M. About .or per cent. in two-cell stage in B2. No 
development in others, though numerous sperm attached. All 
dishes show active sperm. 

July 18, 8:00 A.M. One blastula in B2. 

This experiment and others of this group show several points. 
They show that shed eggs of high fertilization capacity will not 
fertilize in the presence of blood. The amount of blood necessary 
to bring about this inhibition can not be predicted because the 
inhibitory power of the blood of various females is not exactly the 
same. In this group of experiments, however, made usually with 
eggs from different females in samples of the same blood, the 
results are fairly constant; the inhibition to fertilization is about 
the same. Finally, the experiment indicates that twenty-six and 
one half hours after insemination in the presence of blood eggs 
may on reinsemination be made to develop. Usually such capacity 
to respond to reinsemination does not persist after twenty-four 
hours. As Lillie has shown, the presence of blood does not inter- 
fere with the action of the sperm agglutinin (fertilizin) produced 
by Arbacia. It would have been interesting to compare the pro- 
duction of fertilizin by these eggs inseminated in blood with that 
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of an equal quantity of uninseminated eggs from the same female 
in normal sea-water. Unfortunately this was not done. 

(c) July 18, 10:00 A.M. 0.5 cc. of shed eggs (sample of 
which on insemination gave 98 per cent. membranes) in 10 c.c. of 
blood—Lot A. Following series set up: 


No. 1. 5 .c.c. of Lot A plus 5 c.c. of sea-water. 


“ce 2. “ce “ec No. I “ce “c “ sé “e 

“ec 3. “ “ No. 2 “ “ “ ““ “é 
x 

“ 4. “ “ No. 3 “ “ ““ “ “ 

“ 5. “c ““ No. 4 “ “ “ “ “ 

“ 6. “ “ No. 5 “c “ “ “ec “ 

“ 7; “ce “ce No. 6 sé “ec “ce “ “cc 


All inseminated heavily. 


12:00 M. Cleavages in these eggs as follows: 


No. a 3- 4. 5. 6. 7. 








Per cent. of cleavage............... oO oO o 10 20 25 


Nos. 2, 3, and 4 killed and sectioned. 


The interesting point here is that despite the graded decrease in 
the quantity of both eggs and blood the inhibitory action of the 
blood persists. Each lot of eggs was inseminated with the same 
amount of sperm. This means that the heaviness of insemination 
steadily increased in the Nos. 2 to 7, for the number of eggs was 
halved in each successive dilution. It would seem, therefore, that 
heavy insemination does not necessarily mean an overcoming of 
the blood block to fertilization. That the failure to cleave was not 
due to polyspermy we may conclude from the per cent. of cleavage 
in Nos. 5, 6, and 7, which received relatively to the number of 
eggs most heavy insemination. However, I should point out that 
this was the most powerful inhibiting blood encountered in this 
group of experiments (made during June and to July 20). 

(d) July 19,6:30 P.M. 10 c.c. suspension of shed eggs (sam- 
ple of which gave 98 per cent. membranes) plus 10 c.c. of blood 
inseminated. 
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g:00 P.M. No development. Eggs washed in 250 c.c. sea- 
water. Set aside; on settling, removed to 250 c.c. of sea-water. 
July 20, 8:00 to g:00 A.M. These eggs show a very small 
per cent. fine top swimmers. Undeveloped eggs show sperm at- 
tached. Top swimmers removed. 250 c.c. of fresh sea-water 


added to remaining eggs. 


10:20 A.M. About 1 per cent. of eggs in the 2- and 4-cell 


stages. 
10:2 


vu 


A.M. Eggs inseminated in 250 c.c. of fresh sea-water. 

11:25 A.M. 5 per cent. of eggs in 4-cell stage, 85 per cent. in 
2-cell stage. Some others show spindles, remainder no change. 
Eggs tend to lose membranes and to bud. 

4:00 P.M. Small per cent. of eggs in swimming stage. 

6:00 P.M. About go per cent. swimming. 

g:00 P.M. Swimmers at the surface. 

The chief point of interest in this experiment is that eggs in- 
seminated in blood may, on washing, develop normally. If por- 
tions of such eggs are washed at intervals up to about two hours 
after insemination, a high per cent. develop perfectly. They lose 
their power to develop on washing two to three hours after in- 
semination. This seems to be the most significant point of this 
report (see beyond, page 421). Eggs inseminated in the presence 
of blood take in sperm; such sperm lie within the cortex. All 
these eggs show sperm firmly attached to the cortex. These eggs 
have been studied not only while living, but also in sections and 
in toto mounts properly fixed (Bouin, Lang, Meves, Flemming). 
In some cases the sections show the egg cortex literally studded 
with sperm, with other sperm within the egg. The failure of 
these eggs inseminated in blood to devélop is not, therefore, due 
to failure of sperm attachment or penetration. On washing within 
about two hours after insemination in the presence of blood the 
eggs are released from the blood block. The per cent. of eggs that 
develop depends upon the thoroughness of washing within this 
two-hour limit as well as the amount of inhibitor present. 


This experiment likewise reveals that twenty-eight hours after 


their insemination in the presence of blood eggs, after washing, 
will fertilize with a high per cent. of development. 








——_ 
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B, 


We may now consider those experiments which reveal that dur- 
ing the later half of the season the shed eggs of Arbacia are of 
low fertilization capacity, whereas eggs taken from the ovaries are 
of high fertilization capacity. 


THE EXPERIMENTS. 


(a) July 23, 8:00 A.M. Portions of shed eggs from 12 Ar- 
bacia inseminated in turn. All poor; not more than 10 per cent. 
membranes in any lot. 

Ovaries from these same females chopped up separately in sea- 
water and eggs strained out. Eggs inseminated. Fine mem- 
branes (average: around 96 per cent.). 

This experiment scarcely needs comment. The eggs that exude 
through the genital pores are inferior to those procured by cutting 
up the ovaries in sea-water. And this was found to be true from 
July 23 to the end of the season in 107 out of 125 females tested 
on this one point alone. 

(b) July 25, 9:00 A.M. 9g females opened. Eggs exude 
through genital pores into dry dishes. 250 c.c. of sea-water added 
to each lot of eggs. Samples from each inseminated. No mem- 
branes in Nos. 1, 2, 4,6, and 7. 80 per cent. membranes in No. 3. 
Nos. 5, 8, and 9 give 18, 6, and 14 per cent. membranes, respect- 
ively. Effect not due to sperm for inseminations were next made 
in each case with sperm from 7 different males with essentially the 
same results. 

Eggs removed from these 9 females inseminated in turn. Fine 
membranes ; average around 98 per cent. 

To offset any criticism that these results might be due to pres- 
ence of blood with sperm, great care was exercised in opening all 
animals. During several days, for example, all instruments were 
sterilized before using by heating red hot in order to destroy any 
adherent blood. If animals cut proved to be males, they usually 
exuded clean sperm into the dry watch glasses. In many cases 
the males shed spontaneously. Thus only uncontaminated sperm 
was procured. In addition, sperm from several males was used 
as mentioned in the experiment cited above. Finally, the results 
of inseminating the eggs taken from the ovaries would seem to 







418 E. E. JUST. 


offset the possibility that the failure of the shed eggs to cleave is 
due to the presence of blood with the sperm. 

(c) July 27. Samples of shed eggs from 14 females insemi- 
nated in turn. Very high amount of inhibition present in each of 
Nos. 1 to 11, inclusive. Membrane separation in these eggs as 
follows: 


No. ri/2i13]4/]8s1{161!197]8 |9|10| 1/12/13] 14 


Per cent. of membranes..| 3 | 5 | 0 | 1 | 6 | 8/15] 0 | 4/| 1 |0.1\ 99/98 |100 











Remainder of uninseminated eggs of Nos. 1 to 11, inclusive, 
put in one dish. Washed in five changes of 250 c.c. of sea-water. 
Inseminated. 13 per cent. cleavage. 

Ovaries from these same females chopped up separately in sea- 
water ; eggs strained and collected. Portion of each inseminated. 
Average fertilization—g5 per cent. Remaining eggs added and 
inseminated in one dish. Fertilization—g7 per cent. 

Eggs from Nos. 12, 13, 14, added, inseminated. Fertilization 
close to 100 per cent. 

These uninseminated shed eggs gave high agglutinin test. I 
thought it worth while to add the eggs from several females in 
order to increase the amount of sperm agglutinin (fertilizin) ; 
this, however, failed to improve results. These eggs do not fail 
to develop because of lack of fertilizin or of failure of sperm 
entry. They are loaded with blood inhibitor and this suspends the 
fertilization-reaction. 

(d) July 30,9:50 A.M. 9 females opened, gently drained of 
blood. Each lot of shed eggs then in finger bowls of 200 c.c. of 
sea-water. Portions of these eggs removed and inseminated at 
10:00 A.M., 10:28 A.M., 10:43 A.M., and 11:25 A.M., with 
the following results: 


Per Cent. Membranes Following Insemination. 
No. Amount in c.c. 
of Shed Eggs at : 


9:50 A.M. 10:00 A.M. 10:28 A.M. | 10:50 A.M. 11:25 A.M 

ee 3 0 40 60 95 

2. I 3 3 Cytolysis 

ee sass —.I o : ; 

McK .2 5 90 08 

cata I o 70 88 

re I o 80 90 

7.. —.1 6 : , 

ade 15 10 30 97 

ae —.I o 35 95 


~~ 1 Not sufficient eggs left to make count. 
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11:48 A.M. Ovaries of each of above females (Nos. 1 to 9, 
inclusive) separately chopped up in sea-water; strained. Each lot 
of eggs in 200 c.c. of sea-water. 

11:55 A.M. Portions of each lot of eggs inseminated. 

2:00 P.M. Beautiful cleavage in all lots—close to 100 per cent. 

At times the quantity of eggs that exude from the genital pores 
is really enormous for the size of the urchin. Such eggs are per- 
fectly beautiful. And yet the bulk of the eggs is no criterion for 
their fertilizability. I have used eggs from animals fresh from 
the sea. The results are the same; they are not due to the fact 
that the animals have deteriorated in the laboratory. 

The protocols herewith cited (Sections A and B) constitute the 
evidence for the conclusions that eggs of Arbacia vary with re- 
spect to their fertilization capacity during the summer; during the 
first part of the season shed eggs possess high fertilization capacity 
which drops off during the latter part of the season; eggs from the 
ovary, during the latter part of the season when the shed eggs are 
poor, possess high fertilization capacity. A simple method is 
thus indicated for obtaining throughout the summer eggs of high 
fertilizability. The evidence likewise admits of the conclusion that 
blood blocks fertilization in shed eggs of high fertilizability. It is 
likewise true, though no experiments have been cited on this point 
in the present paper, that fertilization of eggs from the ovary with 
high fertilization capacity is blocked by blood. The findings of 
the writer as to this effect of blood on eggs of Arbacia are thus in 
accord with those of Lillie (’14). 

The experiments cited above also show that eggs in the presence 
of blood agglutinate to themselves and even take in sperm, and 
that such sperm may activate at any time during a dormant period 
of about two hours if the blood is removed by washing. Finally, 
the experiments reveal that as long as twenty-eight hours after 
insemination in the presence of blood eggs failing to develop may 
do so on reinsemination. In view of Lillie’s recent work (’21) on 
the effect of copper salts in fertilization—especially important in 
revealing the latent period in the fertilization-reaction—these find- 
ings of mine may deserve notice since they lend additional support 
to Lillie’s fertilizin theory. 

The protocols here given do not, however, establish that blood 
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is responsible for the failure during the latter part of the season 
of shed eggs to fertilize. The failure of these eggs to fertilize 
may, indeed, be due to other causes. Nevertheless the following 
points warrant consideration for the assumption that blood is 
responsible for this inhibition : 

First, the failure of fertilization is not due to the absence of 
fertilizin. For eggs in blood liberate fertilizin (Lillie, ’14). 
Secondly, washing removes the inhibition to fertilization, and this 
is true of those eggs whose failure to fertilize is indubitably due 
to the presence of blood. Thirdly, the inhibition decreases after 
the eggs have remained in sea-water for some time. And, finally, 
I have observed during several seasons that late in August Arbacia 
females are frequently turgid with eggs from ruptured ovaries. 
Such blood-soaked eggs are of low fertilization capacity. These 
considerations point to a blood block, but they certainly do not 
prove the case. 

Indeed, Oshima, likewise working with the egg of Arbacia in 
September, 1921, after I had left Woods Hole, has interpreted the 
failure of eggs escaping through the genital pores of opened sea- 
urchins to fertilize as due to what he calls a “ dermal secretion.” 
So far as I can determine, Oshima’s sole criterion for calling this 
substance a “dermal secretion”—he could get very little of it 
from dermal tissues themselves, it seems—is the fact that he got 
it from the outside of the urchins. By the same token, eggs and 
sperm that exude through the genital pores and lodge among the 





spines—an observation that every worker with sea-urchins has at 
some time made—are dermal secretions! Oshima’s “dermal se- 
cretion,” I very much suspect, is an excretion, if not actually fecal 
material. And this suspicion is strengthened by the fact, which 
Oshima points out, that uric acid is found in it. 

Moreover, against Oshima’s interpretation that the “dermal 
secretion” inhibits fertilization we have Lillie’s extensive experi- 
ments to the contrary. I believe with Oshima that he would have 
reached an entirely different conclusion had he been able to “ carry 
out this series of experiments more fully and accurately.” | 


“ 


heartily concur with his conclusion that the action of the “ dermal 
secretion ” seems to have no biological significance. 


11 have additional evidence on this point. 
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Blood blocks fertilization in the egg of Arbacia. Lillie’s ex- 
periments show this. The findings reported above but confirm his. 

If we inquire as to the mode in which blood blocks fertilization, 
we must recall the role of fertilizin in the fertilization-reaction. 
That the fertilizability of the egg depends upon the presence of 
fertilizin, the following facts show: Immature eggs, fertilized eggs, 
and eggs with butyric acid membranes do not secrete fertilizin. 
They are also incapable of fertilization. Fertilizable eggs washed 
free of fertilizin lose their capacity for fertilization. But the 
failure of eggs in the presence of blood does not place these eggs 
in the same category with fertilizin-free eggs. : 

The failure of eggs in blood to fertilize is not due to the blocking 
of the reaction between sperm and fertilizin. It will be recalled 
that the presence of fertilizin in sea-water is indicated by its 
agglutinative action on specific sperm. This action is not lost in 
the presence of blood. “ It can not be supposed,” says Lillie, “ that 
the plasma operates by preventing the adhesion of the sperma- 
tozoon to the egg if this is brought about by agglutination, because 
it was found that the agglutination of spermatozoa by means of 
egg secretions takes place as readily in the plasma as in sea-water ”’ 
(Lillie, ’19, page 175). The action of blood is thus on the fer- 
tilizin; it constitutes a block between fertilizin and the egg itself. 
Since eggs of Arbacia inseminated in blood are found with sperm 
attached to or within the cortex, it must be concluded that Lillie’s 
interpretation of the inhibitory action of blood is sustained. 

Finally, Lillie’s copper experiments (’21) reveal the latent period 
in the fertilization reaction. If it prove that blood acts similarly, 
we may have an additional method for study of the latent period. 
We may thus be able more closely to approach an understanding 
of the fertilization-reaction. 
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